Abstract: We present a novel plasmonic antenna geometry -the double resonant antenna (DRA) -that is optimized for second-harmonic generation (SHG). This antenna is based on two gaps coupled to each other so that a resonance at the fundamental and at the doubled frequency is obtained. Furthermore, the proximity of the localized hot spots allows for a coupling and spatial overlap between the two field enhancements at both frequencies. Using such a structure, both the generation of the secondharmonic and its re-emission into the far-field are significantly increased when compared with a standard plasmonic dipole antenna. Such DRA are fabricated in aluminium using electron beam lithography and their linear and nonlinear responses are studied experimentally and theoretically.
Introduction
The study of the nonlinear optical response of matter is important for various disciplines such as biology, information sciences and physics, especially when dealing with nanometer length scales [1] [2] [3] [4] . It is therefore important to have efficient sources of nonlinear optical signals at such length scales. Second harmonic generation (SHG) is one such important nonlinear optical effect, which has the added advantage of being sensitive to symmetry. Under the dipole approximation, SHG is forbidden for centrosymmetric media; however since inversion symmetry is broken at an interface, one can use nonlinear SHG microscopy to study even centrosymmetric structures on surfaces [5] . It is well-known that plasmonic dipole antennae (DA) exhibit so-called hot spots in their gap, where the incident intensity can be enhanced by several orders of magnitude [6] . In recent years, experimental work [7, 8] and simulations [9] dealing with the SHG in dipole antennae have been reported. As the intensity of the secondharmonic signal is proportional to the square of the fundamental field intensity, this secondorder nonlinear process can strongly benefit from the high enhancement of the incident field in these structures. Yet, all the previous studies in plasmonics rely on the enhancement of the fundamental field only and do not consider any resonance at the doubled frequency. This approach based on two resonances has been successfully demonstrated in traditional optics, for example in resonant Fabry-Perot microcavities [10] [11] [12] . In this work, we propose and experimentally demonstrate a novel plasmonic antenna geometry with two gaps that are coupled to each other, both of which exhibit a resonance at the fundamental and doubled frequency, and thus enhance simultaneously both the generation of the second-harmonic and its re-emission into the far-field.
Theoretical background and simulations
It is well known that the resonance of a dipole antenna can be spectrally tuned by varying the length of the antenna arms [13] . In the present work, the double resonant antenna (DRA) is optimized for second-harmonic generation experiments using a Ti:sapphire laser centered at λ = 800 nm as pump source. The standard plasmonic materials for the visible region of the spectrum, gold and silver, are discarded for our study as they exhibit high losses due to interband transitions in the spectral region of the second-harmonic, which is at around λ = 400 nm [14] . On the contrary, aluminium shows intense localized surface plasmon resonances in the blue and UV region and is therefore more suited to study the effect of this second resonance on the SHG process, but shows interband transitions at the fundamental wavelength of 800 nm [14, 15] .
The Green's tensor method is used to calculate and optimize the optical response of the DRA [16, 17] , taking into account the influence of the substrate. The DRA consists of three rectangular arms with lengths of 50, 50 and 170 nm separated by a gap of 20 nm and width and height of 40nm as shown in the inset of Fig. 1(a) . The intensity enhancement is calculated in the center of the two gaps of the DRA and, as seen in Fig. 1(a) , is obtained in both gaps for the fundamental and the second-harmonic wavelengths. The proximity of the two gaps allows for a coupling of their resonances which is an important feature that sets this structure apart from other previous structures. An enhancement of roughly 30 (20) at λ = 400nm and 35(180) at λ = 800 nm is found in the left (right) gap. It must be mentioned, that due to interband transitions near the fundamental wavelength, aluminium exhibits a slight damping of the resonance around λ = 800 nm [14] . Simulations show that the resonance at the second harmonic is mediated by a dipole appearing in the two short arms of the antenna, while the resonance at the fundamental frequency is controlled by the long arm of the aluminum antenna, as can be seen in Figs. 2(a) and 2(b). In plasmonic systems, additional resonances at short wavelength generally rely on multipolar resonances so that the reemission of the signal to the far-field is limited [18] . With the unique geometry of this antenna, the second-harmonic signal can be optimally radiated into the far-field as a consequence of the strong radiating dipole. In addition, for the standard reference plasmonic DA resonant at the fundamental, simulations show that the field enhancement in the gap at the fundamental is higher than in the case of the DRA as can be seen in Fig. 1(b) . The inset in Fig. 1(b) is a schematic of such a dipole antenna and Fig. 2(c) shows the local-field enhancement for the DA. Computed near-field intensity maps for (a) the resonance at λ = 400 nm, which is mediated by a radiating dipole in the two short arms, (b) the resonance at the fundamental at λ = 800 nm that is controlled by the long arm of the antenna, (c) the resonance at λ = 800 nm for the reference dipole antenna.
Experiments, results and discussion
The DRA and DA are prepared on a fused silica substrate using electron beam lithography with PMMA/MMA as bilayer resists. It should be noted that aluminium is prone to oxidation which can deteriorate the DRA quality; using the bilayer resists gives a decent undercut to define the DRA geometry. Arrays of 2500 antennae each are fabricated and the far-field SHG measurements shown in the paper correspond to the response of one such array. The fabricated gap sizes with a nominal dimension of 20 nm vary between 15 nm and about 25 nm over the entire array. The experimental setup used to characterize the fabricated structures is similar to ones that have been used earlier consisting of the laser and a lock-in detection [19] . For the SHG, a Ti:sapphire laser with 100 mW average output power and 150 fs average pulse duration is focused on the sample down to a spot diameter of approximately 25 μm using a 50 mm focal length achromat. The signal is collected with a microscope objective (Olympus 20x, 0.35 NA) and its power measured using a photomultiplier tube (Hamamatsu H 5784-20) with the help of a lock-in detection setup to obtain a good signal-to-noise ratio. Linear scattering spectra are measured with an Olympus IX71 dark field microscope (Olympus 60x, 0.7 NA) and a Jobin Yvon spectrometer (Triax 550). As can be seen in Fig.  3(a) , the scattering is strongly enhanced for the DRA when compared to the standard plasmonic dipole antenna (DA) around λ = 400nm and λ = 800 nm, thanks to the double resonance. The standard plasmonic dipole antenna referred to here has dimensions of 170 nm x 40 nm x 40 nm and a gap of 20 nm; it has been designed to be resonant at the fundamental frequency. This leads to an enhanced SHG in the far-field as seen in Fig. 3(b) : the DRA produces a SH intensity almost twice that of the DA. The origin of this second harmonic signal is definitely in the DRA structures, where the plasmonic enhancement occurs. A spectrum showing the fundamental signal along with the signal at the second-harmonic is shown in Fig. 4(a) . The second-harmonic signal is absent when the bare substrate is analyzed. Measurements such as that shown in Fig. 4(a) show negligible incoherent two-photon photoluminescence (TPPL) because they are taken at relatively low input powers. When the input power increases, the two-photon photoluminescence also increases as can be seen in the inset of Fig. 4(a) , which shows increasing TPPL as pump powers are increased from 90mW up to 200mW. Polarization studies also show that the SHG signal is horizontally polarized (as shown in Fig. 4(b) ), along the length of the DRA, which further indicates that the SHG originates from the DRA structures. One can see that the ratio of the SHG signal for the horizontal to the vertical polarization of the analyzer is about 10. The horizontal polarization can be fitted with a cosine squared function, showing that -as expected -only the horizontal input is resonant in these structures and furthermore there is a quadratic enhancement for the SHG. Plasmonic dipole antennae have been studied earlier for SHG [20 and references therein] and have shown significant SHG due to the plasmonic enhancement of the fundamental field. SHG from such centrosymmetric structures has been attributed to the breaking of inversion symmetry at the surface. Furthermore, even slight deformations of the nanostructures can render the structures non-centrosymmetric, thereby allowing for SHG. At first glance, one would expect cancellation between the SHG sources from the two sides of the gap, but surface imperfections are sufficient to prevent this complete cancellation, thereby providing SHG in the far-field.
Despite this greater enhancement of the fundamental in the DA compared to DRA, the SHG in the far-field is larger with the DRA than the DA. This emphasizes that intensity enhancement of the fundamental is not the only sufficient criterion for enhanced SHG in the far-field.
Conclusions
We have proposed a double resonant plasmonic antenna with resonances both at the fundamental and second harmonic, such that a dipolar mode excited at the SH is radiated into the far field very effectively. Thanks to the coupling between the dipolar resonances in both arms at the two wavelengths, a noticeable SHG enhancement is observed, compared to a dipole antenna with a single resonance. This represents an improvement over structures that rely on higher order multipoles being excited at the second harmonic, since multipolar resonances inherently radiate less than a dipole. Another attractive feature of the DRA is that both dipolar resonances at both frequencies are spatially coupled. It is well known that the central symmetry of the nanostructures strongly influences the amount of second-harmonic signal that is generated [21] [22] [23] [24] [25] [26] . Indeed, in a structure with perfect symmetry, the electric dipole contribution vanishes and only the much weaker magnetic dipole and electric quadrupole remains. The SHG obtained from this novel DRA is a factor of two stronger than that for the DA. This modest improvement can be attributed to the fabrication difficulties associated with aluminium. We are currently improving the fabrication process and hope in the future to further improve the SHG enhancement from such structures.
